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Protein sorting: Recognizing mitochondrial presequences
Nikolaus Pfanner
The mitochondrial protein import machinery specifically
recognizes many different preproteins lacking a
consensus sequence. The three-dimensional structure
of an import receptor complexed to an amino-terminal
targeting ‘presequence’ provides exciting insight into
the molecular mechanism of signal recognition.
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Eukaryotic cells are divided into numerous membrane-
bound compartments, the cell organelles. Except for a small
fraction of proteins synthesized in mitochondria or chloro-
plasts, all other proteins are encoded by nuclear genes and
are synthesized on cytosolic polysomes. Consequently, most
organellar proteins must be sorted to the correct target mem-
brane and translocated into the organelle. These proteins are
typically synthesized as preproteins with signal sequences
that are recognized by organelle-specific receptors [1,2]. The
molecular mechanism of signal recognition by organellar
receptors represents a fundamental problem in molecular
cell biology. For example, mitochondria import about a
thousand different proteins, but a consensus sequence for
mitochondrial targeting signals has not been identified [2-4].
A breakthrough has now been achieved by Abe et al. [5] who
have solved the first structure of a mitochondrial protein
import receptor in a complex with a specific targeting signal.
Targeting pathway of mitochondrial preproteins
More than 98% of mitochondrial proteins are synthesized as
preproteins in the cytosol. The most common type of mito-
chondrial targeting signal is an amino-terminal extension of
the preprotein termed the presequence, usually of
20–50 amino-acid residues (with a range of approximately
10–80 residues). Presequences can direct non-mitochon-
drial passenger proteins to mitochondria and across both
outer and inner membranes into the matrix, demonstrating
that they contain all information for targeting and mem-
brane translocation of preproteins [2–4]. The presequences
of different mitochondrial proteins do not show amino-acid
sequence identity, but they do have characteristic physico-
chemical properties. They are enriched in positively
charged, hydroxylated and hydrophobic residues, and have
the potential to form an amphiphilic α helix. In a helical
wheel projection, the positively charged residues localize to
one side of the helix, while the opposite side is uncharged
and hydrophobic [6,7]. 
The protein import machinery of the mitochondrial mem-
branes contains a series of proteins that successively inter-
act with the presequence of a preprotein in transit
(Figure 1). The translocases of the outer and inner mem-
branes are termed TOM and TIM, respectively. The
receptor Tom20, an outer membrane protein of 20 kDa, is
the first import receptor that contacts a presequence-con-
taining preprotein [8–10]. The preprotein is then trans-
ferred to the general import pore complex, which includes
the receptor Tom22, the small subunit Tom5 and the
channel-forming protein Tom40 [11–14]. Tom22 not only
binds preproteins with its highly negatively charged
cytosolic domain on the mitochondrial surface, but also
with its intermembrane space domain following transport
of preproteins through the outer membrane channel [4,15]. 
The membrane potential across the inner mitochondrial
membrane — negative on the matrix side — directs the
presequences across this membrane, predominantly by
an electrophoretic effect (Figure 1). The translocase
channel of the inner membrane is formed by Tim23 and
Tim17. Tim23 exposes a hydrophilic domain containing
negatively charged residues to the intermembrane space.
Preprotein segments emerging on the matrix side are
bound to the heat shock protein 70 (mtHsp70), which in
cooperation with Tim44 acts as an import motor to drive
translocation of the precursor polypeptide chain into the
matrix [2–4,15,16]. Eventually, the presequence is
cleaved off by the mitochondrial processing peptidase and
the mature protein folds into its functional conformation.
The current view thus implies that the preproteins are
guided across both mitochondrial membranes by a chain
of binding proteins. As many of the Tom and Tim pro-
teins described above contain negatively charged patches,
it was suggested that these acidic regions are important
for directing the successive transfer of the positively
charged presequences into mitochondria — the ‘acid
chain hypothesis’ [15,17,18]. However, hydrophobic inter-
actions are also involved in preprotein recognition [19].
The molecular mechanisms of presequence recognition
will only be elucidated when functional studies of prepro-
tein targeting in vivo and in vitro are combined with a
structural analysis of the mitochondrial protein import
machinery. This has now been achieved for one import
receptor, Tom20. 
Presequence recognition by Tom20
The receptor Tom20 is anchored in the mitochondrial outer
membrane by a hydrophobic segment at the amino termi-
nus. The remainder of the protein, the preprotein-binding
domain, is exposed to the cytosol [8–10]. The cytosolic
domain of Tom20, when produced without its membrane
anchor and purified to homogeneity, specifically binds
mitochondrial preproteins [19–24]. Interestingly, two dif-
ferent modes of interaction between preprotein and
Tom20 have been described. While several groups have
emphasized the importance of ionic interactions between
the positively charged presequences and acidic regions of
Tom20 [18,20,24,25], a hydrophobic interaction between
preproteins and Tom20 has also been reported [19].
Moreover, a number of studies with fragments of Tom20
have been performed to determine the importance of dis-
tinct regions of the receptor; this approach did not,
however, yield a final answer on the mechanism of pre-
protein binding [21,22,26,27].
The solution has now been provided by Abe et al. [5], who
have determined the NMR structure of rat Tom20 in
complex with a mitochondrial presequence peptide. They
used a protease-resistant core domain of Tom20, compris-
ing the carboxy-terminal two thirds of the receptor,
excluding the amino-terminal membrane anchor and a
flexible linker segment. The core domain specifically
binds mitochondrial presequences. A selection of chemi-
cally synthesized peptides, corresponding to different pre-
sequences, were found to cause similar patterns of
chemical shift perturbation of the NMR spectra, indicat-
ing that the various presequence peptides interacted with
the same binding site of Tom20. To solve the NMR struc-
ture of the Tom20–presequence complex, the carboxy-
terminal half of the presequence of rat aldehyde
dehydrogenase [28] was used. 
The structure determined by Abe et al. [5] (Figure 2)
shows that four α helices in the middle of the Tom20
domain form a stable structure with a hydrophobic interior.
Three of the helices form the binding groove for the prese-
quence peptide. Interestingly, the groove is made up of
mainly hydrophobic amino-acid residues, while hydrophilic
residues are found in the periphery of the groove. The pre-
sequence peptide is bound to Tom20 in an α-helical struc-
ture, with the three strongly hydrophobic amino acids, all
leucines, oriented towards the hydrophobic patch of the
binding groove (Figure 2). The hydrophilic residues of the
amphiphilic helix mainly point to the aqueous solvent. By
site-directed mutagenesis of presequence and Tom20, Abe
et al. [5] demonstrated that the hydrophilic residues,
including the two positively charged arginines of the prese-
quence, are dispensable for binding to Tom20, while
hydrophobic residues are of critical importance. 
The structure of the Tom20–presequence complex [5]
demonstrates several crucial characteristics of mitochon-
drial protein import that have been discussed for many
years. An amphiphilic α-helical structure of presequences
is critical for mitochondrial import [6,7], at least for
binding to this receptor. Tom20 recognizes the hydropho-
bic surface of the amphiphilic presequences [19]. Eight
residues of the presequence — two turns of the α helix —
seem to be sufficient to fill the binding groove. Moreover,
the NMR data suggest that the bound presequence
peptide has some flexibility in the binding groove, indicat-
ing a relatively weak binding. Indeed, the affinity of
Tom20 for presequences was found to be quite low, with
dissociation constants in the micromolar range [18,19,22].
This flexibility would explain the ability of Tom20 to
bind many different presequences. 
Tom20 contains a single tetratricopeptide repeat (TPR)
motif, a 34-residue motif formed by a pair of antiparallel α
helices [5,9,10]. TPR motifs are found in a wide variety of
cellular proteins and are typically present in arrays of multi-
ple motifs. TPR motifs are thought to function in intramol-
ecular or intermolecular protein–protein interactions,
although their exact role remains unknown. The TPR motif
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Figure 1
Transport pathway of a presequence-carrying preprotein from the
cytosol into mitochondria. The amino-terminal presequence (positively
charged) of the preprotein successively interacts with the receptors
Tom20 and Tom22, the channel-forming protein Tom40 and the
intermembrane space domains of Tom22 and Tim23. The membrane
potential ∆ψ across the inner membrane and the heat shock protein
mtHsp70 drive the preprotein into the matrix where the presequence is
cleaved off by the mitochondrial processing peptidase (MPP).
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of Tom20 is involved in formation of the presequence-
binding groove. Several hydrophobic residues in the center
of the binding groove are located outside of the TPR motif,
however, demonstrating that the TPR motif alone cannot
form the recognition site for presequences [5]. Interest-
ingly, Haucke et al. [29] reported that a mutation in the
TPR motif of Tom20 did not inhibit its receptor function
for presequence-containing preproteins, but rather pre-
vented the interaction of Tom20 with the receptor Tom70. 
Besides binding presequences, Tom20 also recognizes
internal targeting signals of preproteins that are synthe-
sized without a presequence [19–23]. These preproteins
are initially bound by the receptor Tom70 and may then
be transferred to Tom20 [3,4,29]. Future studies will have
to address if the internal targeting signals interact with the
same hydrophobic binding groove as the presequences, or
if additional portions of the receptor are involved. More-
over, it is not known what role the acidic patches of
Tom20 play [5,21], and which regions of Tom20 are
required for the assembly with Tom22 of the general
import pore complex [30].
Presequences contain distinct recognition elements 
The relatively loose binding of presequences to Tom20
may facilitate the interaction of the receptor with many
different presequences, although this raises the question
of how non-mitochondrial proteins with hydrophobic seg-
ments are excluded from import into mitochondria.
Several factors are likely to contribute to the fidelity of
mitochondrial import. First, the hydrophobic binding
groove of Tom20 is rather shallow, suggesting that only
amphiphilic α helices, and not hydrophobic helices, can
bind to it [5]. Signal sequences for the endoplasmic reticu-
lum (and leader sequences in bacteria) are characterized
by a central hydrophobic segment, and usually preceded
by a positively charged region [2], so they should be
unable to bind to Tom20. Indeed, the crystal structure of
the binding subunit of the signal recognition particle
(SRP), determined without a signal sequence, revealed a
deep groove that apparently provides a flexible hydropho-
bic environment for the entire hydrophobic segment of a
signal sequence [31]. Furthermore, SRP contains an RNA
subunit that may provide a binding site for the positively
charged region of a signal sequence [32]. 
Second, the chain of binding proteins that a preprotein
interacts with on its journey into mitochondria will sig-
nificantly increase the specificity of the import process
(Figure 1). The presequences contain several recognition
elements. For example, the binding of presequences to
the cytosolic domain of the receptor Tom22 is strongly
salt-sensitive and seems to be mediated by ionic interac-
tions between the basic residues of the presequence and
acidic residues of the receptor [19]. It is thus likely that
Tom20 and Tom22 recognize opposite sides of the same
presequence, Tom20 recognizing the hydrophobic
surface and Tom22 the hydrophilic surface. As prese-
quences are longer than the approximately eight amino-
acid residues needed for binding to Tom20, the
recognition elements for different import components
may be distinct regions of the presequences [5,23]. The
presequence affinities of the cytosolic domain of Tom22
and other import components, such as Tom40 and the
intermembrane space domains of Tom22 and Tim23
(Figure 1), are roughly in a similar range as the affinity
of Tom20 — the dissociation constants are in the micro-
molar range [14,18,19,22]. Each receptor or binding
protein therefore by itself has a relatively low affinity,
but the successive action of a series of recognition sites
on the import pathway of a preprotein will function as a
quality control system and ensure a high specificity of
the transport process. 
Hammen and Weiner [33] recently determined the con-
formational preferences of a synthetic peptide corre-
sponding to the hydrophilic domain of Tom5, and
identified a helical core with a negatively charged patch
and some positively charged residues. It remains open
whether Tom5 alone interacts with preproteins, or
whether it does so only in complex with other Tom pro-
teins, such as Tom22 or Tom40 [11,12]. 
Figure 2
Interaction of a mitochondrial presequence with the hydrophobic
binding groove of the import receptor Tom20 (adapted from the NMR
structure determined by Abe et al. [5]). The carboxy-terminal half of the
presequence of aldehyde dehydrogenase binds to Tom20 in the form
of an amphiphilic α helix (the triangle indicates the boundary between
presequence and mature protein). The hydrophobic binding groove of
Tom20 interacts with three leucine residues of the presequence, while
the charged and hydrophilic residues of the presequence are exposed
to the aqueous solvent. 
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Eventually, the transfer of presequences across the inner
membrane is driven by the membrane potential. Here the
basic residues are of critical importance to respond to the
electrical field [2-4]. It is an open question if a presequence
will remain in an α-helical conformation on its entire trip
across the mitochondrial membranes. Further structures of
mitochondrial import components in complex with pre-
sequences will be required to address this problem. 
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